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ABSTRACT: Vesicle-shaped supramolecular polymers are formed by self-assembly of a DNA duplex containing phenanthrene overhangs at both 
ends. In presence of spermine, the phenanthrene overhangs act as sticky ends linking the DNA duplexes together. In aqueous solution, the assembly 
leads to vesicles in the range of 50 – 200 nm, as shown by electron microscopy and dynamic light scattering. Fluorescence measurements show that 
the assembled phenanthrene units act as light-harvesting antennae and transfer absorbed energy to an acceptor, such as pyrene or Cy3, which can 
either be directly added to the polymer or attached via a complementary DNA strand. The presence of DNA in the nanostructures allows the con-
struction of light-harvesting vesicles that are amenable to functionalization with different chemical groups.  
 
 DNA is used to create one-, two-, or three-dimensional assemblies 
due to its unique molecular recognition properties which opens oppor-
tunities to precisely organize functional groups within space.1-9 Func-
tional supramolecular assemblies of DNA object have a potential for 
biomedical, biomimetic and electronic applications.10-18 DNA 
nanostructures can be created by different approaches. DNA origami 
allows the preparation of well-defined nanometer-sized objects by the 
folding of long DNAs with the help of guiding oligonucleotide 
strands.19-24 Alternatively, large DNA constructs can be assembled from 
duplexes with nucleotide overhangs at their ends (sticky ends ap-
proach). Two- and three-dimensional structures have been constructed 
by this approach.25-29 Combining the natural nucleotides with chemi-
cally modified building blocks30-42 extends the range of structural and 
functional features of such nano-objects. Linking hydrophobic mole-
cules onto DNA can lead to the formation of supramolecular polymers 
in aqueous medium.43 Thus, DNA-pyrene hybrid oligomers were 
shown to self-assemble into nanoribbons with addressable DNA 
strands at the surfaces.44-46 DNA dumbbells with perylenediimides 
(PDIs) at both ends form one-dimensional DNA supramolecular 
polymers via PDI stacking.47 Similarly, DNA-porphyrin hybrid am-
phiphiles self-assemble into linear aggregates48 and spherical 
nanostructures.49 Furthermore, a cationic dye triplet has been attached 
as sticky ends on DNA single strands to form long duplexes.50 
 The versatility of DNA assembly makes it also attractive for the 
arrangement of molecules to construct light-harvesting systems.51-68 We 
recently described the light-harvesting properties of phenanthrene 
arrays in DNA-based scaffolds,55,69 supramolecular fibres70 or nano-
tubes.71 Here, we present the formation and characteristics of light-
harvesting vesicles assembled from DNA-phenanthrene conjugates. 
 Table 1 shows the DNA strands used for this study. The comple-
mentary oligomers 1 and 2 contain three 2,7-substituted phenan-
threnes at their 3’-ends. The phenanthrenes are connected via phos-
phodiester groups. Hybridization leads to the formation of DNA du-
plex 1*2 containing three phenanthrenes at each end. Oligonucleotides 
3 and 4 serve as unmodified control sequences. 
 
Table 1. Sequences of oligomers 1-4 and structure of the 2,7-
substituted phenanthrene building block. 
Strand Sequence 
1 5‘ CAA GGT CCG ATG CAA GGA AG (Phe)3 
2 (Phe)3 GTT CCA GGC TAC GTT CCT TC 5‘ 
3 5‘ CAA GGT CCG ATG CAA GGA AG 3‘ 
4 3‘ GTT CCA GGC TAC GTT CCT TC 5‘ 
 
 
 
 
 
 
 
 
 
 
 Figure 1 shows absorption spectra of duplex 1*2 at different tem-
peratures. The bands between 300 and 340 nm are due to phenan-
threne absorption, whereas below 300 nm, the spectrum shows a 
combination of phenanthrene and the DNA bases. Spectra of duplex 
1*2 taken under standard conditions (10 mM sodium phosphate buffer 
pH 7.0, 100 mM NaCl) exhibit the expected hypochromicity at 260 
nm upon lowering the temperature (Figure 1, left). The 318 nm band 
(phenanthrene absorption only) shows very little changes over the 
temperature range studied (20-80 °C). Thus, under these conditions 
interaction between phenanthrene overhangs is negligible. Significant 
changes in the phenanthrene absorption are, however, observed in the 
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presence of spermine tetrahydrochloride (Figure 1, right). A lowering 
of the temperature leads to a decrease in the absorption of the 318 nm 
band as well as a distinct bathochromic shift (5 nm). Two isosbestic 
points are observed at 285 nm and 322 nm. Significant changes are also 
observed in the region from 240 – 280 nm, where phenanthrene also 
shows significant absorption (λmax ~ 274 nm71). This strongly indicates 
hybridization of the two complementary single strands and, at the same 
time, aggregation of the phenanthrene units. The effect of polycations 
on DNA hybridization and aggregation is well documented in the 
literature.72-76 In the present case, spermine seems to facilitate the 
interaction of the phosphodiester linked phenanthrene residues. 
 
 
Figure 1. Temperature-dependent absorption spectra of 1*2 (1 μM 
each strand). Left: 10 mM sodium phosphate buffer pH 7.0, 100 mM 
NaCl. Right: 10 mM sodium phosphate buffer pH 7.0, 0.1 mM sperm-
ine tetrahydrochloride, 20 vol% ethanol; inset: enlarged view of the 
phenanthrene absorption in the 320 nm region.  
 Clear evidence for formation of larger aggregates was obtained 
from atomic force microscopy (AFM), transmission electron micros-
copy (TEM) and dynamic light scattering (DLS). AFM Images of 1 
µM 1*2 on APTES-modified mica reveals micrometer-sized, sheet-like 
structures with a height of 1.2-1.4 nm (Figure 2A). At higher concen-
tration of 1*2 (5 µM), however, it becomes obvious that the self-
assembly process leads to the formation of vesicles, as shown by AFM 
(Figure 2B). It is assumed that adsorption of the vesicles existing in 
solution leads to the formation of a monolayer on the APTES-modified 
mica.77  At high concentration of 1*2 (5µM), a monolayer is first 
formed on APTES-modified mica. In a second step, intact vesicles are 
adsorbed on this monolayer. The presence of vesicles with a diameter 
between 50 and 200 nm is independently also confirmed by TEM 
imaging (Figure 2C). These findings are in agreement with DLS meas-
urements which indicate a mean diameter of 110 nm (see Supporting 
Information, Figure S29/30). The vesicles are only formed if hybrid 
1*2 is assembled in the presence of spermine. In the absence of sperm-
ine, only small, disparate aggregates are observed (see Supporting 
Information, Figure S9). Also hybrids 1*4 and 2*3, which have a phe-
nanthrene overhang just at one end of the DNA duplex, form only ill-
defined objects smaller than 500 nm with a variable height (see Sup-
porting Information, Figures S12, S13). Figure 2 gives an illustration of 
a potential arrangement of DNA and phenanthrenes in the array. The 
model implies that DNA and phenanthrenes are arranged in alternating 
bands.   
 
Figure 2. A) AFM image of 1*2, 1 μM each strand, deposited on 
APTES-modified mica (right). Left: Illustration of monolayers of DNA 
duplexes (light grey) via interaction of phenanthrene sticky ends 
(blue). B) AFM deflection image 1*2, 5 μM each strand, deposited on 
APTES-modified mica. C) TEM image 1*2, 5 μM each strand (carbon-
coated grid). D) Illustration of vesicle formed by assembly of DNA 
duplexes with phenanthrene sticky ends. Conditions: 10 mM sodium 
phosphate buffer pH 7.0, 0.1 mM spermine tetrahydrochloride, 20 
vol% ethanol. 
 Fluorescence measurements were performed to further study the 
phenanthrene aggregates in the observed vesicle. As previously shown, 
ordered arrays of phenanthrene show efficient excitation energy trans-
fer along pi-stacked assemblies. In combination with pyrene as an 
acceptor chromophore, the phenanthrene assemblies act as light-
harvesting antennae (LHA).55,69-71 In order to test if the vesicles assem-
bled from oligomers 1 and 2 also act as LHAs, they were subjected to 
incorporation of small quantities of pyrene molecules. For this purpose, 
the vesicle were doped by addition of the pyrene-containing oligomer 5 
(Figure 3), which was previously shown to function as an acceptor in 
the context of tubular phenanthrene supramolecular polymers.71 Figure 
3 (top) shows the effect of addition of 1% of pyrene per phenanthrene 
on the fluorescence spectrum.  
Phenanthrene emission (378 nm and 398 nm) decreases, whereas 
pyrene emission (412 nm, 435 nm and 462 nm) grows. No mentiona-
ble pyrene emission occurred if the experiment was performed in the 
absence of spermine tetrahydrochloride but otherwise identical condi-
tions (see Supporting Information, Figure S3). Additional control 
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experiments, such as replacing duplex 1*2 with a duplex containing a 
phenanthrene overhang only at one end (1*4) or using only single 
strand 1 also showed no energy transfer. Incorporation of the pyrene-
containing oligomer 5 into the aggregates formed by hybrid 1*2 is 
significantly improved when the supramolecular polymer is assembled 
in the presence of 5 (i.e. heating the solution containing oligomers 1, 2 
and 5 to 80°C and cooling slowly to 20°C, see Supporting Infor-
mation). Simple addition of 5 to the preformed polymers results in 
much weaker pyrene fluorescence, suggesting that the phenanthrene 
aggregates need to be disrupted to allow efficient integration of oligo-
mer 5. 
 
Figure 3. Fluorescence measurements without (dashed) and with 
acceptor (solid; 1 mol% of acceptor per phenanthrene). Conditions: 1 
μM of each strand, 10 mM sodium phosphate buffer pH 7.0, 0.1 mM 
spermine tetrahydrochloride, 20vol% ethanol, 20°C, λexc. 321 nm. 
 
 The supramolecular polymer can be further functionalized by 
addition of chemically modified DNA strands. Thus, a cyanine (Cy3) 
modified oligonucleotide (3‘-GTT CCA GGC TAC GTT CCT TC-
Cy3, 6), which is complementary to oligomer 1, was used as energy 
acceptor. Energy transfer is observed also in this case (see Figure 3). 
Cy3 emission at 573 nm appears while the emission of phenanthrene 
decreases. Duplex 1*2 shows the largest ratio of Cy3 and phenanthrene 
emission intensities (573/378 nm). In contrast to the experiments 
described above with pyrene-containing oligomer 5, the system with 
the Cy3-labelled DNA strand 6 does not necessarily need to be heated 
and cooled to ensure efficient energy transfer (Supporting Infor-
mation). Obviously, addition of a complementary strand to the supra-
molecular polymers leads to spontaneous DNA strand exchange.78 At 
80°C no Cy3 emission is observed at all which is in agreement with a 
complete disassembly of the vesicles resulting in the loss of phenan-
threne-to-cyanine energy transfer. Notably, energy transfer is also 
observed using single strand 1 or duplex 1*4, albeit at a reduced level 
instead of 1*2 under otherwise identical conditions (Figure 3). This is 
explained by hybridization of the cyanine modified oligonucleotide 6 
to 1, either fully in the first case or partially in the latter through strand 
exchange. In both cases, hybrid 1*6 is formed, which is expected to 
result in energy transfer from phenanthrene to cyanine. In the absence 
of the light-harvesting antennae 1*2, the acceptors exhibit only margin-
al fluorescence intensities (Supporting Information, Figure S6). 
 
 
Figure 4: Effect of increasing sodium chloride concentration on energy 
transfer from phenanthrene to pyrene (top) or Cy3 (bottom); condi-
tions as in Figure 3. 
 The self-assembly of the vesicles and the resulting light-harvesting 
properties are reversible; either by heating the solution (as shown in 
the temperature-dependent UV-vis and fluorescence spectra) or by the 
addition of sodium chloride. The stabilizing effect of spermine is over-
ridden by increasing the ionic strength (see e.g. 79 ). Figure 4 shows the 
fluorescence spectra of pyrene- and Cy3-doped vesicles with increasing 
concentrations of sodium chloride. In both cases, the emission of the 
acceptor decreases, whereas phenanthrene emission increases. In 
vesicles containing pyrene as acceptor, 200 mM NaCl is required to 
eliminate pyrene-emission. With oligonucleotide 6, in which case the 
acceptor is attached to a DNA strand, the minimal energy transfer is 
reached at 100 mM NaCl. The residual Cy3-emission is attributed to 
duplexes formed by single strand 1 and the complementary Cy3-
strand. Changes upon NaCl addition are also observed in the absorp-
tion spectra (Supporting Information), which show a red-shift in the 
260 nm region and a blue-shift in the 320 nm region. The changes 
coincide with the measured absorption of the non-aggregated DNA 
(measurement at 80°C, or without spermine). In both measurements 
the absorption maximum shifts from 257 to 261 nm by increasing the 
NaCl concentration from 50 to 100 mM. This leads to the conclusion 
that the disassembly of the supramolecular aggregates occurs in this 
NaCl concentration range. 
 In conclusion, the formation of supramolecular DNA vesicles via 
phenanthrene sticky ends has been presented. In the presence of 
spermine, DNA duplexes with phenanthrene overhangs self-assemble 
into vesicles with a diameter in the range of 50-200 nm. The assembled 
phenanthrene units act as light-harvesting antennae and transfer ab-
sorbed energy to an acceptor, which can either be directly added to the 
polymer or attached via a complementary DNA strand. The light-
harvesting effect of the vesicles disappears after adding NaCl, which 
0
150
300
450
350 400 450 500 550 600
In
te
n
si
ty
Wavelength [nm]
1*2, no pyrene
1*2, 1% pyrene
1*4, no pyrene
1*4, 1% pyrene
1, no pyrene
1, 1% pyrene
5
0
100
200
300
350 400 450 500 550 600
In
te
n
si
ty
Wavelength [nm]
1*2, no Cy3
1*2, 1% Cy3
1*4, no Cy3
1*4, 1% Cy3
1, no Cy3
1, 1% Cy3 Cy3:
3‘ GTT CCA GGC TAC GTT CCT TC(Cy3)
+ 1% 5
+ 1% 5
+ 1% 5
1*2
1* + 1% 6
1*
1* + 1% 6
1
1 + 1% 6
6
0
100
200
300
400
500
350 400 450 500 550
In
te
n
si
ty
Wavelength [nm]
no pyrene
1% pyrene, no NaCl
1% pyrene, 10mM NaCl
1% pyrene, 50mM NaCl
1% pyrene, 100mM NaCl
1% pyrene, 150mM NaCl
1% pyrene, 200mM NaCl
0
50
100
150
200
250
300
350 400 450 500 550 600
In
te
n
si
ty
Wavelength [nm]
no Cy3
1% Cy3, no NaCl
1% Cy3, 10mM NaCl
1% Cy3, 50mM NaCl
1% Cy3, 100mM NaCl
1% Cy3, 150mM NaCl
1% Cy3, 200mM NaCl
no pyrene
1% 5, no NaCl
1% 5, 10 mM NaCl
1% 5, 50 mM NaCl
1% 5, 100 mM NaCl
1% 5, 150 mM NaCl
1% 5, 200 mM NaCl
y3
 6, no NaCl
 6, 10 mM NaCl
 6, 50 mM NaCl
 6, 10  mM NaCl
 6, 150 mM NaCl
 6, 20  mM NaCl
  
4
leads to the disassembly of the supramolecular aggregates. Duplexes 
with no or only one phenanthrene overhang do not form assemblies 
under the same conditions. The described DNA nanoarchitectures 
allow the construction of light-harvesting supramolecular vesicles that 
are amenable to functionalization with acceptor molecules at defined 
distances to the donors by variation of DNA length and sequence. 
Furthermore, the presence of DNA in the supramolecular polymer 
opens the possibility of incorporating a diverse range of functionalities. 
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